Background: White matter (WM) alterations are well documented in schizophrenia.
Introduction
Abnormalities in white matter (WM) structural connectivity may contribute to cognitive impairment and clinical symptoms in schizophrenia (1) (2) (3) (4) . These abnormalities especially involve medial frontal circuits (5) (6) (7) (8) (9) . Two main regions of reduced WM integrity have been described in the left hemisphere of patients with SZ. The first involves left frontal WM and includes WM interhemispheric fibers of the genu of the corpus callosum (gCC) among others. The second involves the left temporal WM and includes inter-hemispheric fibers via the splenium of the corpus callosum (sCC) (5) .
Interhemispheric fibers are altered in schizophrenia, possibly causing aberrant connectivity between the two cerebral hemispheres (6, (9) (10) (11) . The corpus callosum (CC) appears to be the most abnormal interhemispheric WM pathway in patients with schizophrenia (5, 9, (12) (13) (14) . Decreased WM integrity in interhemispheric fibers also has been proposed to account for alterations of the normal brain asymmetry seen in these patients (15) (16) (17) . Specifically, the hypoconnectivity in the CC has been proposed to contribute to altered asymmetry in persons with schizophrenia (13) . This could attenuate the normal leftward asymmetry of WM integrity commonly found in healthy controls (HC) in specific WM fibers (16) (17) (18) (19) such as the anterior corpus callosum (gCC) itself. The left-greater-than-right anisotropy asymmetry of the gCC seen in healthy adults is reduced in those with schizophrenia (16) .
Cognitive dysfunction afflicts most persons with schizophrenia, and impairments of simple processing speed and verbal memory are among the most widespread and severe (20, 21) . Cognitive dysfunction has been related to alterations in WM integrity in schizophrenia (3, 4) , but few studies have examined the possible relationship between the specific abnormalities in brain asymmetries and cognitive dysfunction in schizophrenia (see (22) for a A C C E P T E D M A N U S C R I P T 4 review). Thus, alterations in length of the lateral sulcus, width of Sylvian fissure, and anterior frontal and occipital asymmetries seem to be related to performance on measures of expressive language, attention or verbal memory in patients (23, 24) . In HC, WM brain asymmetries have been proposed to serve visuospatial functions, working memory, and especially language (25) (26) (27) . However, to our knowledge, no study has addressed the implications of the alterations in cerebral WM integrity asymmetry in anterior/frontal cortical projections (gCC) and posterior/occipital cortical projections (sCC) to cognitive dysfunction in persons with schizophrenia.
Diffusion weighted imaging (DWI), and specifically diffusion tractography, are powerful and sensitive tools to characterize WM abnormalities, and more precise than other approaches for identifying alterations in different brain structures in schizophrenia (28) .
Thus, tractography is a suitable technique and appropriate tool to study WM integrity of specific tracts. Using DWI, we first aimed to assess the whole brain WM integrity differences between patients with schizophrenia and HC. Secondly, we aimed to examine cerebral asymmetry in anterior frontal cortical projections of the gCC and posterior occipital cortical projections of the sCC in patients and HC by means of probabilistic tractography. This second aim was set based on the bibliography that claims that some of the brain asymmetry alterations found in patients with schizophrenia could be caused by alterations in interhemispheric fibers such as the corpus callosum (13, (15) (16) (17) along with the localization of the two main areas of alterations described in Ellison-Wright and Bullmore's meta-analysis (5) . Finally, we aimed to determine whether any observed differences in WM integrity asymmetry contribute to cognitive dysfunction in schizophrenia. We hypothesized that (1) patients with schizophrenia would show reduced WM integrity compared to HC specifically in fronto-temporal and occipital areas, (2) that WM asymmetry of patients would be altered
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5 compared to HC, and (3) that these alterations would correlate with cognitive dysfunction in patients with schizophrenia.
Materials and Methods

Participants
Forty-one patients with schizophrenia (26 paranoid, 11 undifferentiated, 3 residual, and 1 disorganized) and 21 HC were recruited from the Baltimore site of the Bipolar-Schizophrenia
Network on Intermediate Phenotypes study (B-SNIP) as described in Tamminga, et al. (29) .
Patients' inclusion criteria were: a) having SZ diagnosis based on clinical data and the Structured Clinical Interview (SCID) for DSM-IV (30) and b) being clinically stable. HC were included if they had no diagnosis in axis I, also based on the SCID. Participants were excluded if they had: a) a known neurological illness or b) current substance use, detected or verified by urine toxicology screens. All the participants gave written informed consent to participate. The study was conducted following Declaration of Helsinki guidelines and was approved by the institutional review boards of all participating institutions.
Diffusion-weighted Images
Diffusion-weighted images were obtained from a scanner placed at Baltimore (USA) as Table S1 ). The scanner used single-shot spin-echo planar imaging (EPI) with a twice-refocused balance echo sequence.
Diffusion image processing was performed using FSL software (32) . Eddy current correction for distortions (33) was applied and the non-diffusion image (B0) was extracted.
Brain Extraction Tool (BET) (34) , was used to remove non-brain tissue. After that, fractional anisotropy (FA), mean diffusivity (MD), axial diffusivity (AD), radial diffusivity (RD) and Probabilistic Tractography. Seeds and waypoint masks for tractography, gCC and frontal area, were extracted from the JHU atlas and Craddock atlas (36), respectively. These were selected based on the whole brain results obtained after performed randomize. Thus, given that white matter differences were found in pathways of a left frontal area that included the gCC as the main interhemispheric fiber, gCC (both right and left separately) and a frontal area (the same area in both right and left hemisphere separately) were set as seed and waypoints masks respectively. After automatic registration between the selected mask and the FA map, gCC masks were manually corrected on each participant's color-coded FA maps
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7 based on the MRI Atlas of Human White Matter (37) . WM pathways of interest were obtained after applying BedpostX and ProbtrackX (implemented in FSL). Probabilistic connectivity distributions were generated from every voxel in the seed masks, and only those paths that went through the waypoint masks and stopped there were used for analysis. The anterior frontal cortical projections of the gCC were obtained for right and left hemispheres separately. All WM reconstructed trajectories were normalized by dividing by the number of streamlines that went through the waypoint masks and then thresholded at 5% ( Figure 1 ). The 
Cognitive and Clinical Measures
Participants neuropsychological testing included measures of verbal memory and processing speed. Verbal memory was assessed using a combination of learning and delayed recall from the Hopkins Verbal Learning Test Revised (HVLT-R) (38) . Processing speed was assessed using the sum of letters (3 and 6) and patterns (3 and 6) of the Salthouse Perceptual
Comparison Test (39) . In addition, the Positive and Negative Syndrome Scale (PANSS) (40) was used to assess patients' clinical symptoms.
Statistical Analyses
Normality of the variables was assessed with Shapiro-Wilk test and the following analyses were performed depending on the distribution of the variables. Group differences in sex, race, handedness, and DWI sequence were assessed with Chi-square analyses and Fisher's exact test. Student t-tests were used to test for group differences in age and years of education. For neuroimaging analyses, whole WM brain differences in FA, MD, AD, RD and MO between 41 patients and 21 healthy controls were testing using the randomise tool (5000 permutations) with TFCE correction in FSL. Age, sex, race and DWI sequence were included as covariates, due to a software change during the project development. Significant regions were located and labelled anatomically with the MRI Atlas of Human White Matter (37) .
Statistical threshold was set at p < .05 (FWE-corrected). MANCOVA was used to assess differences between the 10 patients with schizophrenia and 10 HC in gCC, bCC and sCC WM integrity. Repeated measures ANCOVA (including group as inter-subjects factor and laterality as intra-subjects factor) was used to examine group differences in the laterality of 
Results
Sociodemographic and clinical variables
Sociodemographic and clinical variables of the whole sample (41 patients and 21 HC) are shown in Table 1 . No differences were observed between patients with SZ and HC in age, handedness, DWI sequence, race, or years of education. The schizophrenia group had a higher proportion of men than the HC group, as expected (41) . In the smaller tractography subsamples (10 patients and 10 HC), no group differences were found in age, years of education, sex, race, handedness, or DWI scan used to acquire images based on Student's t and Fisher's exact tests (Table 2) . 
Whole brain differences in WM indexes
Patients with schizophrenia showed lower mean FA than HC in a well-delimited area of the left frontal lobe (FWE-corrected, p < .05) ( Table 3 ; Figure 2 ). No differences were found for MD, AD, RD or MO.
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12 FSL coordinates indicate: x increases from left to right; y increases from posterior to anterior; and z increases from inferior to superior.
Region in bold represents the maximum coordinate encompassed in the given cluster.
HC > patients with SZ
ACCEPTED MANUSCRIPT
A C C E P T E D M A N U S C R I P T
13 Figure 2 . Whole brain FA differences between patients with schizophrenia and HC.
Differences are significant at p < .05 corrected for family-wise error (FWE). WM regions in which patients with schizophrenia showed a lower mean FA compared to HC are shown in red-yellow; the WM skeleton is shown in green. R, right; L, left; FA, fractional anisotropy; WM, white matter; SZ, schizophrenia; HC, healthy controls.
Differences in WM indexes of the CC
Regarding differences in WM mean FA of the three specific areas of the CC, patients with SZ showed lower mean FA than HC in the gCC (F = 6.48; p = .021). No significant results were found when assessing the differences in other integrity measures of the gCC (MD, AD, RD or MO). No differences were observed in relation to the bCC or the sCC in any of the WM integrity indexes (Table 4 ). Patients with schizophrenia showed lower mean RD in the right than left hemisphere tract (M = .52 x 10 -3 ; SE = .12 x 10 -4 versus M = .54 x 10 -3 ; SE = .10 x 10 -4 ). No significant group differences were found for AD, MD or MO (Table 5 ). No interaction effect was found for FA when assessing asymmetry of the posterior occipital cortical projections of the sCC (F = 4.07; p = .06). Therefore, the other indexes were not analyzed.
Group differences in tract asymmetry
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Correlations between WM tracts and cognition
Correlation analyses were performed only for those WM indexes in which a significant group x hemispheric laterality effect was found. In patients with schizophrenia, verbal memory performance correlated inversely with mean FA of the right gCC tract (r = -.68, p = .046,) (Figure 3a) , indicating higher mean FA correlated with worse verbal memory performance in patients with schizophrenia. Further, verbal memory performance correlated positively with mean RD of the right anterior frontal cortical projections of the gCC (r = .77, p = .015) (Figure 3b ), indicating that higher mean RD correlated with better verbal memory.
No significant correlations were found regarding processing speed. No significant results were found in HC group (Figures 3c and 3d) . 
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Discussion
This study aimed firstly to elucidate whole brain WM integrity differences between persons with schizophrenia and HC, secondly to test for group differences in WM asymmetry of both anterior frontal (gCC) and posterior occipital (sCC) cortical projections of the corpus callosum, and thirdly to assess their relationship with cognitive dysfunction in patients.
As expected, whole brain analyses revealed that patients with schizophrenia had lower mean FA than healthy controls in a well-delimited region of the left frontal lobe. Specifically, these group differences included the anterior corona radiata, anterior limb of the internal capsule (left anterior thalamic radiation and part of the left inferior fronto-occipital fasciculus), the gCC, the cingulum, and WM of the left inferior and superior frontal gyri.
These fiber tracts clearly overlap one of the two WM networks that were found to be most affected by schizophrenia in a meta-analysis of other studies (5) . Specifically, that network consists of WM tracts traversing the left frontal WM region, including inter-hemispheric fibers via the gCC, the cingulum bundle, the left inferior fronto-occipital fasciculus, and the left anterior thalamic radiation (5) . However, we did not find significant group differences in the second area identified by Ellison-Wright & Bullmore (5) involving left temporal tracts that include WM fibers running thorough the sCC and others. This could be due to our smaller sample size or methodological differences [different software (FSL vs. DTIstudio…),
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17 different technique (tractography vs. TBSS vs. voxel based morphometry…), or the different approach (whole brain vs. region of interest)] between this study and those studies included in the meta-analysis.
In terms of specific interhemispheric fibers, we found that mean FA in the gCC, but not the sCC or bCC, was decreased in schizophrenia. Others have found reduced FA or WM volume in the sCC of patients with schizophrenia (42) (43) (44) , but the finding that integrity of WM in the gCC was more affected than WM in the sCC or the bCC is widely supported by previous studies (31, (45) (46) (47) . One possible explanation for these findings relates to the developmental course of the CC. Due to the heterogeneity, fiber tracts mature at different ages (48, 49) . The active growth period of the CC extends to the mid-20s, (50, 51) , and within subdivisions, the gCC maturation peaks later than the sCC (48, 49, 52) . This difference might relate to the typical age of schizophrenia onset in the mid-20s (41), thereby affecting anterior segments of the CC, such as the gCC, which are less fully developed than posterior segments at illness onset. Further, the gCC contains mostly small fibers that are thinly myelinated, making this area more vulnerable to breakdown and loss (52) .
The most notable finding of this study pertains to group differences in the asymmetry of anterior frontal cortical projections of the gCC. As expected, HC showed higher FA and lower RD in the left than right hemisphere tract, pointing to a leftward asymmetry of this tract in HC. Patients with schizophrenia showed the reverse pattern, namely: higher mean FA and lower mean RD in the right compared to left anterior frontal cortical projections of the gCC. Furthermore, the magnitude of this asymmetry reversal in patients correlated with worse performance on tests of verbal learning/memorya hallmark of cognitive dysfunction in schizophrenia.
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Supporting the present results, abnormalities in human brain asymmetries have been linked with general alterations in language commonly found in patients with schizophrenia (53) (54) (55) . Some authors also proposed that language impairments in this pathology might be a result of an incomplete hemispheric specialization (55) . Crow (55) (56) (57) even proposed that these abnormalities may relate directly to the origin of schizophrenia, and that some cardinal features of the disease, such as hallucinations or delusions, could be understood as errors in the interpretation and organization of language. This perspective suggests that both cerebral asymmetry and language dysfunction might play central roles in the disease (55, 56) .
Although altered WM asymmetries have been documented in schizophrenia (16, 18) , this is, to the best of our knowledge, the first study to assess the asymmetry of the anterior frontal cortical projections of the gCC and their relationship with verbal memory impairment in schizophrenia. Consisting with our results, common left greater than right asymmetry of WM integrity found in HC has been shown to be reduced in patients with schizophrenia (17) in some WM fibers traversing the anterior CC, the optic radiation (16) , the uncinated fasciculus (58) , the posterior limb of the internal capsule (18) , or the cingulum bundle (16) among others. Moreover, the observed leftward asymmetry in medial prefrontal WM in HC was found to be abnormal in a sample of patients with schizophrenia, pointing to a reduction of this asymmetry in the same area in which the anterior frontal cortical projections of the gCC are located (16) .
The origin of brain asymmetry is a matter of enduring scientific interest, and many experts believe that both genetic and environmental factors contribute to its development (59, 60) .
Thus, up to 30% of the leftward asymmetry of some WM fibers (i.e., the inferior frontooccipital fasciculus and anterior thalamic radiation or forceps major) has been attributed to genetic factors. Conversely, environmental factors have shown to account for about 10% of the variance in the asymmetry of other regions such as the forceps minor (59) . In addition,
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19 asymmetries of the right frontal and temporal lobes volumes appear to be more influenced by genetic factors than contralateral volumes of the same regions, which seem to be more affected by environmental features, and the occipital lobe seems to show lower heritability overall (61) . We also found that higher mean RD in right anterior frontal cortical projections of the gCC correlated with a better verbal memory performance in patients. RD has been related to demyelination process (64) . Typically, increases in FA are accompanied by decreases in all other diffusion indices (MD, AD, and RD). In schizophrenia, both mean FA and RD follow an atypical development pattern. Therefore, and inversely to the relationship found between mean FA and verbal memory, higher mean RD shows a relationship with better information transmission efficiency.
A C C E P T E D M A N U S C R I P T 20
We failed to find a significant relationship between processing speed and WM integrity of the anterior frontal cortical projections of the gCC. This might be explained by the fact that these WM fibers are located in the medial prefrontal regions of the brain. Given that processing speed tasks engage many cognitive processes, it is reasonable to expect that performance on them will depend on more widely distributed WM abnormalities in periventricular and other subcortical tracts than anterior frontal cortical projections of the gCC (65) (66) (67) . This added to the previously mentioned relationship between brain asymmetry alterations and language in SZ could explain why only verbal memory seemed to be related with the WM integrity asymmetry of this tract.
Results obtained in the present study must be seen in the context of its limitations. First, the small sample, especially in tractography analyses, limits generalization to schizophrenia in general. As noted above, these findings should be viewed as preliminary but potentially useful insofar as they suggest some direction for future research. Second, while tractography is thought to be a powerful tool for studying WM integrity in schizophrenia and other populations, an important limitation of it relates to the existence of crossing fibers that influence FA and, therefore, might contribute to the present findings. The bending, merging and crossing of fibers in some voxels together with low spatial resolution at 3T could lead to inexact measures of FA (68) . Third, possible medication and illness duration effects are not taking into account in the analyses. Future research, and specifically longitudinal studies, should investigate the influence of medication and illness duration on the relationship between WM asymmetry alterations and cognition in schizophrenia. Finally, due to the reduced sample, we were unable to assess the possible differences between left-and righthanded patients groups in terms of brain asymmetry and its relationship with cognition.
Future studies should assess if handedness has a specific role in the relationship between brain asymmetry alterations and cognition in patients with schizophrenia.
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Despite these limitations, the present findings suggest that aberrant WM asymmetry might contribute to a central form of cognitive dysfunction in schizophrenia, one that entails both language processing and episodic memory. This could help to design more specific cognitive rehabilitation interventions that account for this putative neuroanatomical basis of impaired verbal learning and memory. Finally, combination of reversed asymmetry in specified WM tracts and impaired verbal learning/memory might serve as a useful marker of schizophrenia if future research shows that it has both sensitivity and specificity for diagnosis.
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-Asymmetric white matter alterations were found in a frontal tract of patients with schizophrenia.
-Higher mean fractional anisotropy in the right frontal tract correlated with worse verbal memory performance in patients with schizophrenia.
-Aberrant white matter asymmetry might contribute to a central form of cognitive dysfunction in schizophrenia, one that entails both language processing and episodic memory.
